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Description 
THERMAL BARRIER COATING SYSTEM 

Background of Invention 
Field of The Invention 

[0001] [oooiJThe present invention generally relates to thermal 
barrier coating systems for components exposed to higli 
temperatures, such as gas turbine engine combustor lin- 
ers and shrouds. More particularly, this invention is di- 
rected to a thermal barrier coating system having a multi- 
layer thermal barrier coating comprising a spallation-resis- 

tant inner layer and a phase-stable outer layer. 
Description of The Related Art 

[0002] [0002] Components within the hot gas path of a gas tur- 
bine engine are often protected by a thermal barrier coat- 
ing (TBC) system. TBC systems include a thermal-insu- 
lating topcoat, also referred to as the thermal barrier 
coating or TBC. Ceramic materials are used as TBC mate- 
rials because of their high temperature capability and low 
thermal conductivity. The most common TBC material is 



zirconia (ZrO^ partially or fully stabilized by yttria (Y^O^), 
magnesia (MgO) or another alkaline-earth metal oxide, 
ceria (CeO^ or another rare-earth metal oxide, or mix- 
tures of these oxides. Binary yttria-stabilized zirconia 
(YSZ) has particularly found wide use as the TBC material 
on gas turbine engine components because of its low 
thermal conductivity, high temperature capability includ- 
ing desirable thermal cycle fatigue properties, and relative 
ease of deposition by thermal spraying (e.g., air plasma 
spraying (APS) and high-velocity oxygen flame (HVOF) 
spraying) and physical vapor deposition (PVD) techniques 
such as electron beam physical vapor deposition (EBPVD). 
[0003] [0003] To be effective, TBCs must remain adherent 

through many heating and cooling cycles. This require- 
ment is particularly demanding due to the different coeffi- 
cients of thermal expansion between ceramic materials 
and the superalloys typically used to form turbine engine 
components. As is known in the art, zirconia is stabilized 
with the above-noted oxides to inhibit a tetragonal to 
monoclinic phase transformation at about lOOO'C, which 
results in a 3% to 4% volume change that can cause spal- 
lation. At room temperature, the more stable tetragonal 
phase is obtained and the monoclinic phase is minimized 



if zirconia is stabilized by at least about six weight per- 
cent yttria. A stabilizer (e.g., yttria) content of seventeen 
weight percent or more ensures a fully stable cubic phase. 
Though thermal conductivity of YSZ increases with de- 
creasing yttria content, the conventional practice has been 
to partially stabilize zirconia with six to eight weight per- 
cent yttria (6-8%YSZ) with the understanding that 
6-8%YSZ TBC is more adherent and spallation-resistant 
when subjected to high temperature thermal cycling than 
YSZ TBC containing greater amounts of yttria, particularly 
fully stabilized YSZ. Furthermore, partially stabilized YSZ 
(e.g., 6-8%YSZ) is known to be more erosion-resistant 
than fully stabilized YSZ (e.g., 20%YSZ). 
[0004] [0004] The spallation resistance of TBCs is further im- 
proved with the use of an environmentally-protective 
metallic bond coat. Bond coat materials widely used in 
TBC systems include overlay coatings such as MCrAlX 
(where M is iron, cobalt and/or nickel, and X is yttrium or 
another rare earth or reactive element such as hafnium, 
zirconium, etc.), and diffusion coatings such as diffusion 
aluminides. When subjected to an oxidizing environment, 
these aluminum-rich bond coats develop an aluminum 
oxide (alumina) scale that is advantageously capable of 



chemically bonding a ceramic TBC to the bond coat and 
the underlying substrate. 
[0005] [0005] Further improvements in TBC spallation resistance 
have been achieved through the development of TBC mi- 
crostructures that exhibit enhanced strain tolerance as a 
result of the presence of porosity, vertical microcracks 
and/or segmentation. Segmentation indicates that the 
TBC has columnar grain boundaries oriented perpendicu- 
lar to the surface of the component, such as that achieved 
with PVD processes, e.g., electron beam physical vapor 
deposition (EBPVD). The term "vertical microcracks" is 
used herein to denote fine cracks that are intentionally 
developed in thermal sprayed TBC's, whose microstruc- 
tures generally consist of splats of irregular flat 
(noncolumnar) grains formed by solidification of molten 
particles of the TBC material. As is known in the art, ce- 
ramic TBC's having columnar grains and vertical microc- 
racks are more readily able to expand with the underlying 
substrate without causing damaging stresses that lead to 
spallation. Plasma-sprayed TBC's with microcracks are 
discussed in U.S. Patent Nos. 5,073,433, 5,520,516, 
5,830,586, 5,897,921, 5,989,343 and 6,047,539, and in 
Sumner et al., "Development of Improved-Durability 



Plasma Sprayed Ceramic Coatings for Gas Turbine En- 
gines," AIAA/SAE/ASIVIE 16tli Joint Propulsion Conference, 
June 30 through July 2, 1980, Duvall et al., "Ceramic Ther- 
mal Barrier Coatings for Turbine Engine Components," 
ASME paper 82-GT-322. 
[0006] [0006] The outer surface of a TBC sustains the highest 

temperatures, with higher TBC surface temperatures oc- 
curring with greater TBC thicknesses. As higher gas tur- 
bine operating temperatures are sought to increase en- 
gine efficiency, thicker TBC's (e.g., above 500 microme- 
ters) are necessary to protect components from higher 
flow path gas temperatures. In applications such as the 
Joint Strategic Fighter QSF), temperatures within the com- 
bustor and high pressure turbine (HPT) shroud may be as 
high as about 2800T (about 1540''C), which is above the 
phase transformation temperature for 6-8% YSZ. As such, 
a 500+ micrometer-thick 6-8%YSZ TBC would be at a 
higher risk of spallation brought on by phase transforma- 
tion. 

[0007] [0007] In view of the above, it would be desirable if an im- 
proved TBC system were available that was suitable for 
use in applications where operating temperatures neces- 
sitate thick TBC's, resulting in TBC surface temperatures 



above the phase transformation temperature of partially 

stabilized YSZ. 
Summary of Invention 



[0008] [0008] The present invention provides aTBC system suit- 
able for protecting the surface of a substrate subjected to 
a hostile thermal environment, notable examples of which 
are the combustor liners and HPT shrouds of gas turbine 
engines. The TBC system comprises a bond coat on the 
substrate surface, an alumina scale on the bond coat, and 
a multilayer TBC comprising a thermal-sprayed first ce- 
ramic layer on the alumina scale and a thermal-sprayed 
second ceramic layer overlying the first ceramic layer. The 
first ceramic layer consists essentially of partially stabi- 
lized zirconia so as to comprise the tetragonal and cubic 
phases of zirconia. Furthermore, the first ceramic layer is 
essentially free of vertical microcracks. In contrast, the 
second ceramic layer consists essentially of fully stabilized 
zirconia so as to predominantly comprise the cubic phase 
of zirconia. The second ceramic layer is also characterized 
by having dense vertical microcracks that extend through 
the thickness thereof. Finally, the second ceramic layer is 
thicker than the first ceramic layer and, as a result of its 
microstructure, is more erosion resistant than the first ce- 



ramie layer. 

[0009] [0009] A significant advantage of tiiis invention is that it 

provides aTBC system suitable for protecting the surfaces 
of gas turbine engine components when subjected to sur- 
face temperatures that exceed the phase transformation 
temperature of conventional 6-8%YSZ. More particularly, 
because the second ceramic layer of fully-stabilized zir- 
conia does not undergo a phase transformation, the sec- 
ond ceramic layer can withstand the high surface temper- 
atures that occur when thick TBCs (e.g., in excess of 500 
micrometers) are subjected to the hot gas path of a gas 
turbine engine. Though fully-stabilized zirconia is known 
to have inferior erosion resistance as compared to par- 
tially-stabilized zirconia, the second ceramic layer ex- 
hibits suitable erosion resistance as a result of its dense, 
vertically-microcracked microstructure. The above bene- 
fits are achieved without degrading the spallation resis- 
tance of the TBC system by bonding the fully-stabilized 
second ceramic layer to the bond coat with the partially- 
stabilized first ceramic layer, whose spallation resistance 
is attributable in part to the phase compatibility of par- 
tially-stabilized YSZ and the underlying alumina scale. 

[001 0] [0010] Other objects and advantages of this invention will 



be better appreciated from the following detailed descrip- 
tion. 

Brief Description of Drawings 

[001 1] [00Ji7 Figure 1 represents a cross-sectional view of a sur- 
face region of a gas turbine engine component, on which 
a TBC system has been deposited in accordance with the 

present invention. 
Detailed Description 

[0012] [0012] The present invention is generally applicable to 

components subjected to high temperatures, and particu- 
larly to components such as the combustor liners and the 
high pressure turbine (HPT) shrouds of gas turbine en- 
gines. While the advantages of this invention will be de- 
scribed with reference to gas turbine engine components, 
the teachings of the invention are generally applicable to 
any component on which a TBC may be used to protect 
the component from a high temperature environment. 

[0013] [0013] Figure 1 schematically represents a surface region 
of a component 10 protected by a TBC system 14 in ac- 
cordance with a preferred embodiment of the invention. 
The TBC system 14 (not to scale) is shown as including a 
bond coat 16 overlying the surface of a substrate 12, the 



latter of which is preferably a superalloy or another high 
temperature material. The substrate 12 is typically the 
base material of the component 10 protected by the coat- 
ing system 14, though the substrate 12 may instead be a 
coating on the component. The bond coat 16 is an alu- 
minum-rich composition of a type typically used with TBC 
systems for gas turbine engine components, and prefer- 
ably an overlay coating of an MCrAlX alloy known in the 
art. Aluminum-rich bond coats of this type develop an 
aluminum oxide (alumina) scale 18, which is thermally 
grown by oxidation of the bond coat 16. 
[0014] [0014] A\so shown in Figure 1 is a multilayer TBC overlying 
the bond coat 16. The TBC comprises a ceramic inner 
layer 20 on and contacting the alumina scale 18, and a 
ceramic outer layer 22 on and contacting the inner layer 
20. As will be discussed further below, the inner and outer 
layers 20 and 22 have noncolumnar microstructures as a 
result of being deposited by thermal spraying, a class of 
deposition processes that includes plasma spraying (air, 
vacuum, and low pressure) and high velocity oxy-fuel 
(HVOF) spraying. Thermal spraying involves propelling 
melted or at least heat-softened particles of a heat fusible 
material (e.g., metal, ceramic) against a surface, where the 



molten "splats" are quenched and bond to the surface to 
produce a coating whose microstructure is characterized 
by irregular flattened grains and a degree of inhomogene- 
ity and porosity. 
[0015] [0015] The inner and outer layers 20 and 22 are both zir- 
conia-based materials containing at least one stabilizer. 
The inner and outer layers 20 and 22 differ in one respect 
by containing different levels of stabilizer, with the inner 
layer 20 containing only an amount sufficient to partially 
stabilize the zirconia, e.g., the inner layer 20 contains a 
mixture of tetragonal and cubic phases and will undergo a 
phase transformation if heated to a sufficient temperature 
for a sufficient length of time. In contrast, the outer layer 
22 contains a sufficient amount of stabilizer to be fully 
stabilized, e.g., the outer layer 20 contains essentially 
only the cubic phase and will not undergo phase transfor- 
mation, regardless of temperature. In the preferred em- 
bodiment in which the stabilizer is yttria, the inner layer 
20 contains less than about 10 weight percent yttria, more 
preferably about 7% to about 8% yttria, while the outer 
layer 22 contains at least 15 weight percent yttria and up 
to about 22 weight percent yttria, more preferably about 
18% to about 20% yttria. It is within the scope of this in- 



vention that additional or different stabilizers could be 
used if so desired, such as erbia, gadolinia, neodymia, yt- 
terbia, lanthana, and/or dysprosia. 

[0016] [0016] Though not shown, the embodiment of Figure 1 
may further include one or more intermediate layers be- 
tween the inner and outer layers 20 and 22. Preferably, 
such an intermediate layer would be used to provide a 
compositional gradient between the layers 20 and 22. For 
example, a single intermediate layer containing a mixture 
of partially-stabilized and fully-stabilized zirconia could 
be used. Alternatively, multiple intermediate layers could 
be provided, with the relative concentrations of partially 
and fully-stabilized zirconia decreasing and increasing, 
respectively, in the direction toward the outer layer 22. 

[0017] [0017] Fully-stabilized zirconia is known to exhibit poorer 
adhesion to aluminum-rich bond coats when thermal cy- 
cled as compared to partially-stabilized zirconia. The ba- 
sis for this difference has been related to the phase com- 
patibility of partially-stabilized YSZ (e.g., 6-8%YSZ) with 
the alumina scale 18 that thermally grows on aluminum- 
rich bond coats (such as the bond coat 16). Therefore, the 
inner layer 20 serves in the present invention to bond the 
outer layer 22 to the substrate 12. For this purpose, the 



inner layer 20 must be sufficiently thick, generally at least 
about 25 micrometers. In turn, the outer layer 22 serves 
to provide sufficient thermal protection for the inner layer 
20 to avoid phase transformation of its partially-stabilized 
zirconia composition. The need to provide a sufficiently 
thick inner layer 20 to bond the outer layer 22 must be 
balanced with the need to minimize the thickness of the 
inner layer 20 so that its outer surface will not sustain 
temperatures that will cause its partially-stabilized zirco- 
nia composition to undergo phase transformation (about 
1200''C for 7-8%YSZ). For this purpose, the outer layer 22 
preferably has a thickness greater than the inner layer 20, 
and the inner layer 20 is preferably limited to thicknesses 
of not more than about 250 micrometers. A suitable 
thickness for the inner layer 20 is believed to be about 50 
to about 125 micrometers, while a suitable thickness for 
the outer layer 22 is believed to be about 125 to about 
2000 micrometers, and more preferably about 125 to 
about 1500 micrometers. 
[0018] [0018] In typical thermal environments within the turbine, 
combustor and augmentor sections of gas turbine en- 
gines, the combined thickness of the inner and outer lay- 
ers 20 and 22 can generally by on the order of about 250 



micrometers or more. In more demanding tliermal envi- 
ronments wliere surface temperatures of 2800T (about 
1540''C) or more are expected, the combined thickness of 
the inner and outer layers 20 and 22 will generally be re- 
quired to be at least 500 micrometers. For example, a 
suitable combined thickness for the layers 20 and 22 on a 
combustor liner is believed to be about 250 to about 750 
micrometers, while a suitable combined thickness for the 
layers 20 and 22 on a HPT shroud is believed to be about 
625 to about 1750 micrometers. 
[0019] [0019] As fully-stabilized YSZ, the outer layer 22 (shown as 
the outermost layer of the TBC system 14) would be ex- 
pected to be susceptible to damage from erosion, and 
therefore not a suitable material for defining the outer 
surface of the multilayer TBC. However, the erosion resis- 
tance of the outer layer 22 is improved to an acceptable 
level as a result of the manner in which the outer layer 22 
is deposited, namely, thermal sprayed to have a mi- 
crostructure referred to herein as dense vertical microc- 
racks (DVM). Thermal-sprayed DVM TBC's are disclosed in 
U.S. Patent Nos. 5,073,433, 5,520,516, 5,830,586, 
5,897,921, 5,989,343 and 6,047,539. A preferred process 
for depositing the outer layer 22 is that taught in U.S. 



Patent No. 5,073,433. As a result of this process, the 
outer layer 22 contains numerous vertical microcracks 24, 
preferably at least twenty-five cracks per linear inch of 
surface, with at least some of the microcracks 24 extend- 
ing completely through the outer layer 22 to its interface 
with the inner layer 20. In contrast, the inner layer 20 is 
preferably deposited by conventional APS or another ther- 
mal spray process so as not to intentionally contain any 
vertical microcracks, as evident from Figure 1. As a result 
of the different deposition techniques used, the inner 
layer 20 is characterized by a low thermal conductivity as 
a result of the APS deposition process, while the outer 
layer 22 is more erosion resistant than the inner layer 20, 
notwithstanding the fact that the fully-stabilized zirconia 
material of the outer layer 22 is known to be less erosion 
resistant than the partially-stabilized zirconia material of 
the inner layer 20. 
[0020] [0020] In view of the above, it can be seen that the present 
invention provides aTBC system 14 in which the inner 
layer 20 has a partially-stabilized zirconia composition 
that is compatible with the thermally-grown alumina scale 
18 that develops on the aluminum-rich bond coat 16, 
while the outer layer 22 has a fully-stabilized zirconia 



composition tliat does not undergo a pliase transforma- 
tion so as to be capable of witlistanding temperatures 
above the phase transformation temperature of the inner 
layer 20. Though preferred thicknesses for these layers 20 
and 22 will depend on the specific application and the re- 
sulting temperature gradient through the TBC, in each 
case the inner and outer layers 20 and 22 are present in 
relative thicknesses so that the inner layer 20 does not 
sustain temperatures that will cause phase transformation 
of its partially-stabilized zirconia composition, while the 
outer layer 22 can be permitted to sustain temperatures 
above the phase transformation of the inner layer 20 as a 
result of its fully-stabilized zirconia composition. As such, 
spallation that would be attributable to phase transforma- 
tion of partially-stabilized zirconia is avoided by this in- 
vention, as is spallation attributable to phase incompati- 
bility between fully-stabilized zirconia and the alumina 
scale 18. Another advantage of the present invention is 
the lower thermal conductivity of fully-stabilized zirconia 
as compared to partially-stabilized zirconia, which at least 
partially offsets the higher thermal conductivity of DVM 
TBCs as compared to TBCs conventionally deposited by 
APS. 



[0021] While the invention has been described in terms of a 

preferred embodiment, it is apparent that other forms 
could be adopted by one skilled in the art. Therefore, the 
scope of the invention is to be limited only by the follow- 
ing claims. 



